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long-term	 goal	 for	 decision	makers,	 managers,	 and	 ecologists,	 and	 assessment	 of	
these	effects	is	currently	required	by	European	Union	and	United	States	legislation.	
However,	 robust	 assessment	 of	 these	 effects	 is	 challenging.	 The	management	 of	
human	activities	 that	have	nonlethal	 effects	on	wildlife	 is	 a	 specific	 example	of	 a	
fundamental	 ecological	 problem:	 how	 to	 understand	 the	 population-level	 conse-
quences	 of	 changes	 in	 the	 behavior	 or	 physiology	 of	 individual	 animals	 that	 are	
caused	by	external	stressors.	In	this	study,	we	review	recent	applications	of	a	con-































(PCoD)	 has	 been	 a	 long-	term	 goal	 for	 ecologists,	 decision	 makers,	
and	managers	and	 is	currently	a	 requirement	 for	most	environmen-







and	 the	empirical	 and	analytical	methods	needed	 to	evaluate	 these	
long-	term	 consequences	 are	 often	 not	 available.	 As	 a	 result,	 man-
agement	decisions	have	been	generally	based	on	evidence	of	behav-
ioral	responses	to	disturbance,	although	such	responses	may	have	no	
population-	level	 effect	 (Christiansen	 &	 Lusseau,	 2015).	 Conversely,	
the	absence	of	 an	obvious	behavioral	 response	does	not	 rule	out	 a	
population-	level	effect	(Gill,	Norris,	&	Sutherland,	2001).	Given	the	in-
creasing	expansion	of	activities	that	can	disturb	wildlife,	quantitatively	
linking	 disturbance	 to	 population	 dynamics	 is	 a	major	 objective	 for	
modern	conservation	(Gill	et	al.,	2001).	A	mechanistic	understanding	
of	the	processes	by	which	disturbance	affects	populations	is	especially	
useful	 for	 long-	lived,	wide-	ranging	species,	 for	which	empirical	data	






Council,	 2005;	New	 et	al.,	 2014).	 Their	 efforts	 led	 to	 the	 develop-
ment	 of	 a	 conceptual	 framework	 that	 summarizes	 the	 functional	
links	 among	 processes	 (Figure	1).	 The	 underlying	 concept	 is	 that	
disturbance-	induced	 changes	 in	 behavior	 or	 physiology	 affect	 fit-
ness	through	individuals’	health	and	vital	rates	(survival,	reproductive	
success,	and	growth	rate,	 the	 latter	affecting	age	at	 first	breeding).	
The	 population-	level	 consequences	 of	 changes	 in	 individual	 fitness	



















ward	 a	 quantitative	 understanding	 of	 long-term	population-level	 effects.	Here	we	
demonstrate	 the	 framework’s	 general	 applicability	 to	 other	marine	 and	 terrestrial	
systems	and	show	how	it	can	support	integrated	modeling	of	the	proximate	and	ulti-
mate	 mechanisms	 that	 regulate	 trait-mediated,	 indirect	 interactions	 in	 ecological	
communities,	that	is,	the	nonconsumptive	effects	of	a	predator	or	stressor	on	a	spe-
cies’	behavior,	physiology,	or	life	history.
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all	 internal	 factors	that	affect	 fitness	or	homeostasis,	 (c)	 the	way	 in	
which	changes	in	health	may	affect	individuals’	vital	rates,	and	(d)	how	
changes	in	individual	vital	rates	may	affect	population	dynamics.
Thirteen	 years	 after	 the	 first	 published	 formalization	 of	 this	
framework	 (National	Research	Council,	 2005),	we	 review	 its	 ap-
plications	to	marine	mammal	populations.	We	first	discuss	the	as-
sessment	of	the	exposure	levels	of	individuals	in	a	population,	and	






&	 Holekamp,	 2018;	 Kight	 &	 Swaddle,	 2007;	 McClung,	 Seddon,	




2  | ESTIMATING LE VEL S OF E XPOSURE IN 
THE POPUL ATION






The	 spatial	 and	 temporal	 overlap	 between	 the	 stressor	 and	 the	
focal	animals	determines	the	probability	of	exposure.	This	overlap	
is	influenced	by	the	patterns	by	which	the	stressor	is	produced	at	
the	 source	 and	 propagates	 through	 the	 environment	 (Merchant,	
Faulkner,	&	Martinez,	2018)	and	the	animals’	residence	time	in	the	
area	where	exposure	may	occur	 (Costa,	Hückstädt,	 et	al.,	 2016).	
Residence	 time	 is	 determined	 inter alia	 by	 the	 size	 of	 individual	
home	ranges,	the	motivation	underlying	the	use	of	the	area	of	in-
terest	(e.g.,	whether	the	area	contains	foraging	patches	or	is	used	
solely	 for	 transit),	 and	 any	 migratory	 behavior.	 In	 some	 cases,	






torical	 surveys	 (Ellison	 et	al.,	 2016;	Hammond	 et	al.,	 2002)	 should	
be	 a	 routine	 component	 of	 environmental	 impact	 assessments.	
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3  | EFFEC T OF E XPOSURE ON 
PHYSIOLOGY AND BEHAVIOR
The	initial	step	in	implementing	the	PCoD	framework	(Figure	1)	is	
the	 quantification	 of	 the	 physiological	 and	 behavioral	 responses	
of	 individuals	 to	 a	 known	or	potential	 stressor.	Controlled	expo-
sure	experiments	(Harris	et	al.,	2018)	have	used	electronic	loggers	
to	 assess	 changes	 in	 the	movement	 and	 vocalizations	 of	marine	
mammals	exposed	to	military	sonar	and	air	guns	used	for	seismic	
surveys	(Dunlop	et	al.,	2013;	Wensveen	et	al.,	2017).	Loggers	have	
also	 been	 applied	 to	 monitor	 marine	 mammal	 responses	 to	 ac-
tual	 disturbance	 events;	 for	 example,	 of	 Cuvier’s	 beaked	whales	
(Ziphius cavirostris)	to	sonar	exercises	(Falcone	et	al.,	2017)	as	well	
as	of	harbor	seals	(Phoca vitulina)	to	pile	driving	for	wind	farm	con-
struction	 (Russell	 et	al.,	 2016)	 and	 to	 pedestrian	 and	 vessel	 ap-
proaches	at	 their	haul-	outs	 (Andersen,	Teilmann,	Dietz,	Schmidt,	
&	Miller,	 2014).	 Visual	 observations	 have	 been	 used	 to	 quantify	
activity	budgets	and	estimate	changes	 in	behaviors	such	as	 rest-
ing	 or	 foraging	 in	 the	 presence	 of	 other	 human	 activities,	 such	
as	 whale	 watching	 (e.g.,	 Christiansen,	 Rasmussen,	 &	 Lusseau,	
2013;	 Lusseau,	 2003;	New	 et	al.,	 2015;	Williams,	 Trites,	 &	 Bain,	
2002).	 Visual	 studies	 on	 pinnipeds	 have	 also	monitored	 flushing	
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of	 harbor	 porpoises	 (Phocoena phocoena)	 to	 wind	 farm	 develop-
ments	 (Brandt,	 Diederichs,	 Betke,	 &	Nehls,	 2011;	Nabe-	Nielsen,	
Sibly,	Tougaard,	Teilmann,	&	Sveegaard,	2014;	Nabe-	Nielsen	et	al.,	
2018),	 of	 Blainville’s	 beaked	 whales	 (Mesoplodon densirostris)	 to	
sonar	 (Moretti	et	al.,	2014;	Tyack	et	al.,	2011),	 and	of	bottlenose	
dolphins	 (Tursiops truncatus)	 to	boat	presence	 (Pirotta,	Merchant,	
Thompson,	Barton,	&	Lusseau,	2015).	In	the	absence	of	empirical	
data,	 behavioral	 responses	 have	 been	 extrapolated	 from	 better-	
studied	 species	 or	 assumed,	 often	 in	 terms	 of	 the	 number	 of	
lost	 foraging	 days	 (King	 et	al.,	 2015;	 New	 et	al.,	 2014;	 Villegas-	
Amtmann	et	al.,	2015,	2017).	Most	studies	(e.g.,	Williams,	Lusseau,	
&	 Hammond,	 2006)	 have	 evaluated	 the	 decrease	 in	 energy	 in-
take	 due	 to	 the	 observed	 behavioral	 responses.	 However,	 there	
have	 been	 efforts	 to	 quantify	 the	 change	 in	 energy	 expenditure	
associated	 with	 avoidance	 responses	 (Braithwaite	 et	al.,	 2015;	
Christiansen,	 Rasmussen,	 &	 Lusseau,	 2014;	 Miller	 et	al.,	 2009;	
Williams,	 Blackwell,	 Richter,	 Sinding,	 &	 Heide-	Jørgensen,	 2017;	
Williams,	Kendall,	et	al.,	2017).	Measuring	physiological	responses	
to	disturbance	 is	more	challenging	than	measuring	behavioral	re-
sponses,	 and	 may	 require	 the	 analysis	 of	 tissue,	 exhalations,	 or	
feces	 from	wild	 animals	 (Hogg	 et	al.,	 2009;	 Rolland	 et	al.,	 2012),	
dedicated	 physiological	 tags	 (Karpovich,	 Skinner,	 Mondragon,	 &	
Blundell,	2015;	Williams,	Blackwell,	et	al.,	2017;	Wilson,	Wikelski,	
Wilson,	&	Cooke,	2015),	or	experiments	 in	captivity	 (Kvadsheim,	




4  | EFFEC T OF BEHAVIOR AL AND 
PHYSIOLOGIC AL CHANGES ON HE ALTH
Some	behavioral	or	physiological	changes	can	have	acute	effects	
on	 individuals’	vital	 rates,	 for	example,	by	changing	 their	preda-
tion	 risk	 or	 because	 injury	 directly	 affects	 their	 survival	 prob-
ability	 (Hooker	 et	al.,	 2012).	 However,	 such	 changes	 can	 also	
affect	 vital	 rates	 indirectly	 by	 impairing	 an	 individual’s	 health.	
Modeling	 health	 explicitly	 provides	 the	mechanistic	 link	 scaling	
individual	 responses	 to	demographic	effects	 that	 is	 required	 for	
the	assessment	of	trait-	mediated	indirect	interactions	(Middleton	
et	al.,	 2013).	Although	 an	 individual’s	 health	 encompasses	many	
aspects	of	its	physiology	(for	example,	immune	status,	stress	lev-
els,	and	contaminant	and	parasite	 load,	Pettis	et	al.,	2017),	most	
PCoD	applications	have	used	 an	 individual’s	 energy	 stores	 (that	
is,	its	body	condition)	as	the	measure	of	health.	For	example,	New	
et	al.	 (2014)	and	Schick,	New,	et	al.	 (2013)	examined	the	relation	





(Beltran,	 Testa,	 &	 Burns,	 2017;	 Christiansen	 &	 Lusseau,	 2015;	
Farmer,	 Noren,	 Fougères,	Machernis,	 &	 Baker,	 2018;	McHuron,	
Costa,	Schwarz,	&	Mangel,	2017;	McHuron,	Mangel,	Schwarz,	&	
Costa,	2017;	Noren,	2011;	Pirotta,	Mangel,	et	al.,	2018;	Villegas-	
Amtmann	 et	al.,	 2015,	 2017)	 or	 use	 an	 arbitrarily	 scaled	 energy	
metric	 that	 represents	 an	 underlying	 motivational	 state	 (Nabe-	




condition	 directly	 (e.g.,	 Christiansen,	 Dujon,	 Sprogis,	 Arnould,	
&	Bejder,	 2016;	Miller,	 Best,	 Perryman,	 Baumgartner,	 &	Moore,	
2012),	 extensive	 health	 assessment	 in	 cetaceans	 will	 probably	
remain	 limited	 to	 a	 few	 closely	 monitored	 coastal	 populations,	
due	to	logistical	constraints	(Wells	et	al.,	2004).	In	contrast,	some	
pinniped	 populations	 can	 be	 regularly	 accessed	 to	measure	 the	
variation	 in	 body	 condition	 and	 health	 among	 individuals	 (e.g.,	
McDonald,	Crocker,	Burns,	&	Costa,	2008;	McMahon,	Harcourt,	
Burton,	 Daniel,	 &	 Hindell,	 2017;	 Shero,	 Krotz,	 Costa,	 Avery,	 &	
Burns,	 2015;	 Wheatley,	 Bradshaw,	 Davis,	 Harcourt,	 &	 Hindell,	
2006).	 However,	 even	when	 such	 assessments	 are	 possible,	 es-
tablishing	the	cause	of	observed	changes	in	health	is	challenging.
5  | EFFEC T OF VARIATIONS IN HE ALTH 
ON VITAL R ATES
For	most	species,	few	empirical	data	are	available	to	quantify	the	







(2016)	 used	 state-	space	 models	 linking	 the	 health	 of	 individual	
North	 Atlantic	 right	 whales	 (Eubalaena glacialis),	 obtained	 from	
the	integration	of	multiple	photographic	assessments,	to	their	sur-
vival	and	fertility.	Schwacke	et	al.	 (2017)	used	a	respiratory	met-




acutorostrata)	 as	 a	 proxy,	 and	 investigated	 how	 fetal	 length	was	
associated	with	female	body	condition	(Christiansen,	Víkingsson,	
Rasmussen,	&	 Lusseau,	2014).	All	 other	PCoD	 studies	of	marine	
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6  | A DIREC T LINK BET WEEN E XPOSURE 
AND VITAL R ATES
Few	monitoring	programs	collect	information	on	the	changes	in	in-












ured	effect	of	 changes	 in	prey	 availability	 can	be	used	as	 a	proxy	
for	 the	 relation	 between	 energy	 intake	 and	 vital	 rates	 (Williams,	
Thomas,	 Ashe,	 Clark,	 &	Hammond,	 2016).	 The	 latter	 requires	 the	
assumption	that	a	reduction	in	foraging	time	resulting	from	distur-
bance	is	equivalent	to	a	reduction	in	the	availability	of	prey.
7  | MODELING THE EFFEC T OF VITAL 
R ATES ON POPUL ATION DYNAMIC S
The	final	step	in	the	PCoD	conceptual	model	is	the	propagation	of	
changes	in	individuals’	vital	rates	to	the	population.	It	is	beyond	the	







Because	 traditional	 matrix	 models	 (Caswell,	 2001)	 are	 formu-












tinuously	varying	traits	 (such	as	physical	size)	on	vital	 rates	 (Ellner	
&	Rees,	2006).	 In	principle,	a	continuous	measure	of	health	or	the	





In	 reality,	 survival	 and	 reproduction	 are	 affected	 by	 an	 indi-
vidual’s	 physiological	 status	 and	 behavior	 in	 a	 complex	 manner	




effects	 of	 disturbance.	 Although	 continuous-	time	 life-	history	





stochasticity	 in	 quasi-	continuous	 time	 (Grimm	&	Railsback,	 2013).	
Some	PCoD	applications	developed	IBMs	that	simulate	 individuals	
moving,	accessing	prey,	and	accumulating	energy	stores	to	sustain	
survival	 and	 reproduction	 (New,	 Harwood,	 et	al.,	 2013;	 Pirotta,	
Harwood,	et	al.,	2015;	Pirotta	et	al.,	2014;	Villegas-	Amtmann	et	al.,	
2015).	However,	only	three	studies	(Nabe-	Nielsen	et	al.,	2014,	2018;	
Villegas-	Amtmann	et	al.,	 2017)	 have	used	 IBMs	 to	predict	 the	dy-
namics	 of	 a	 population	 over	 time.	 Although	 IBMs	 require	 consid-
erable	data,	they	are	extremely	flexible.	In	addition,	simple	models	
with	 sufficient	 realism	can	often	be	constructed	on	 the	basis	of	 a	
relatively	small	amount	of	empirical	 information.	Unknown	param-
eters	may,	 as	 an	 interim	measure,	 be	 extrapolated	 from	 a	 species	
with	 a	 comparable	 life	 history	 (Sibly	 et	al.,	 2013),	 as	 long	 as	 their	
influence	 on	 the	 model’s	 outcome	 is	 explicitly	 quantified	 and	 ac-
knowledged,	 for	example,	using	sensitivity	analysis.	Model	param-
eters	 then	 can	 be	 optimized	with	 standard	 calibration	 techniques	
(Grimm	&	Railsback,	2013),	or	fitted	to	data	with	Bayesian	inference	








to	 quantify	 the	 effects	 of	 disturbance	on	 the	 survival	 of	 Svalbard	
pink-	footed	geese	(Anser brachyrhynchus).
8  | CHOOSING A MODEL STRUC TURE
























et	al.	 (2014)	 estimated	 a	 relation	 between	 pup	 survival	 and	 total	


















Ideally,	 these	 data	 should	 be	 collected	 from	 the	 target	 species	 or	
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species.	 The	 resulting	models	 can	 be	 calibrated	 using	 information	
on	the	demography	of	the	population,	such	as	the	ratio	of	calves	to	




If	 there	 is	 insufficient	 information	 to	 develop	 a	 bioenergetic	
model,	 expert	elicitation	can	be	used	 to	estimate	a	direct	 relation	
between	behavioral	 change	and	vital	 rates.	This	 is	 represented	by	
outcome	2	of	the	decision	tree	(Figure	3):	the	use	of	an	interim	PCoD	
approach	(King	et	al.,	2015).
9  | INCORPOR ATING UNCERTAINT Y
Whichever	model	is	chosen,	it	is	necessary	to	quantify	uncertainty	
at	all	stages	of	modeling	(Harwood	&	Stokes,	2003;	Milner-	Gulland	
&	 Shea,	 2017).	 Uncertainty	 arises	 through	 the	 precise	 choice	 of	
model	 parameterization,	 the	 specification	 of	 input	 parameter	 val-
ues,	 environmental	 stochasticity,	 and	 variation	 among	 individuals.	
Incorporation	 and	 propagation	 of	 these	 uncertainties	 vary	 among	
the	modeling	approaches	described	above.	For	example,	in	IBMs,	it	
is	possible	to	simulate	from	distributions	on	input	parameters,	and	

















mammal	 populations,	 accounting	 for	 the	 uncertainties	 associated	
with	each	 step	 in	 the	process.	Use	of	 this	model	has	changed	 the	
focus	 of	 the	 scientific	 discussion	 from	 establishing	 subjective	
thresholds	 of	 acceptable	 behavioral	 change	 to	 quantifying	 long-	
term,	population-	level	effects	(National	Academies,	2017).
Real-	world	applications	of	the	PCoD	framework	 in	the	 last	de-
cade	 used	 a	 range	 of	 modeling	 approaches	 to	 translate	 the	 con-





Yet	 these	 effects	 could	 have	 substantial	 medium-	term	 effects	 on	
population	status.
To	 remain	 tractable,	 most	 PCoD	 models	 to	 date	 considered	
one	disturbance	source	or	scenario	 in	 isolation.	However,	multiple	
sources	 of	 disturbance	 are	 likely	 to	 occur	 in	 an	 area	 at	 any	 given	
time,	 together	 with	 other,	 concurrent	 environmental	 and	 ecolog-
ical	 processes.	 Attributing	 causation	 to	 a	 single	 stressor	 and	 de-
veloping	 mitigation	 measures	 therefore	 is	 challenging	 in	 practice.	
Accordingly,	the	PCoD	framework	recently	was	expanded	to	incor-
porate	 the	 cumulative	 effects	 of	multiple	 stressors	 and	ecological	
drivers	(National	Academies,	2017).






Stankowich,	 2008).	Moreover,	many	 studies	 have	 linked	 changes	 in	
behavior	deriving	from	interactions	with	humans	to	the	survival	and	
reproductive	 success	 of	 individuals	 (e.g.,	 Broekhuis,	 2018;	Dussault,	
Pinard,	Ouellet,	Courtois,	&	Fortin,	2012;	Ellenberg,	Mattern,	Seddon,	
&	 Jorquera,	 2006;	 Giese,	 1996;	 Gosselin,	 Zedrosser,	 Swenson,	 &	
Pelletier,	2014;	Kerley	et	al.,	2002;	Kight	&	Swaddle,	2007;	McClung	
et	al.,	 2004;	 Rodriguez-	Prieto	&	 Fernandez-	Juricic,	 2005),	 and	 some	
have	 quantified	 the	 long-	term	 effects	 on	 population	 dynamics	 (e.g.,	
Coetzee	&	Chown,	2016;	Green	et	al.,	2018;	Iverson,	Converse,	Smith,	
&	 Valiulis,	 2006;	Wood	 et	al.,	 2015).	 These	 studies	 could	 be	 incor-
porated	 into	the	unifying	framework	we	describe	here	to	model	the	 
effects	of	many	forms	of	nonlethal	anthropogenic	disturbance.





PCoD	approach	provides	a	means	 for	 investigating	 the	physiological	
and	the	behavioral	drivers	of	an	individual’s	response	to	human	distur-
bance,	and	therefore	a	population’s	viability	(Cooke	et	al.,	2014).	Linking	
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